INTRODUCTION
The rapid global expansion of antiretroviral therapy (ART) substantially impacted the HIV epidemic, resulting in an estimated 25% drop in HIV-related mortality between 2009 and 2013. 1 Botswana was the first sub-Saharan African country to provide universal free ART and currently covers 78% of HIV-infected adults. 2 Because of these successes, focus is shifting to long-term maintenance of viral suppression. Personalized medicine strategies for drug allocation based on biological determinants of adverse effects have already entered HIV care, as has occurred with abacavir and the genotyping of viruses to choose specific regimens.
The nonnucleoside reverse transcriptase inhibitor efavirenz (EFV) is frequently incorporated in mass roll-out programs, as was the case in Botswana. Pharmacokinetics and genetics studies have demonstrated a major metabolism role for cytochrome P450 (CYP) 2B6, the primary enzyme responsible for 8-hydroxylation of EFV. 3 Specifically, a single-nucleotide polymorphism (SNP) in CYP2B6 516G.T (rs3745274) impairs EFV drug clearance and leads to increased plasma EFV concentrations. [4] [5] [6] [7] [8] It remains unclear whether increased EFV exposure leads to improvements in virologic response, such as by maintaining adequate drug concentrations in the face of missed doses, or poses a risk for toxicity, such as central nervous system (CNS) related symptoms compromising virologic response. Understanding the clinical relevance of slow EFV metabolism on virologic response is of particular importance for populations in which the minor allele of CYP2B6 516G.T is common, including patients of African descent. [9] [10] [11] Our goal was to determine whether the CYP2B6 516G.T genotype is associated with differential rates of undetectable viral load after having achieved initial HIV suppression. We hypothesized that the 516G.T genotype would be associated with differences in late virologic failure, eg, either increased rates because of greater CNS toxicity or lower rates because of higher drug concentrations being more permissive of missed doses.
METHODS

Study Design
We performed a case-control study and included HIVinfected subjects who had virologic suppression with plasma HIV RNA ,400 copies/mL with an EFV-based regimen at clinics in the larger Gaborone area, Botswana from July of 2013 to April of 2014. Participants were approached for enrollment during regular visits at one of the study sites. Criteria for inclusion were (1) confirmed HIV infection, (2) black African origin, (3) age $21 years, (4) initial HIV treatment with EFV at 600 mg/d plus 2 NRTIs for at least 6 months, and (5) undetectable levels of plasma HIV RNA (,400 copies/mL) for at least 6 months on ART initiation. Using medical health records, cases were patients who had any plasma HIV RNA .1000 copies/mL after 6 months on ART. For each case, a total of 4 control patients were randomly sampled from the same population with all plasma HIV RNA ,400 copies/mL after the initial 6 months. To test the genotype-phenotype hypothesis, we obtained whole blood DNA for genotyping of CYP2B6 516G.T, and genotyping was performed using the TaqMan SNP Genotyping Assay from Applied Biosystems. To address the potential confounding effects of alcohol intake and CNS symptoms, a modified Alcohol Use Disorders Identification Test and the Mood Module of the Patient Health Questionnaire (PHQ-9) were administered. 12 The study was approved by the Ethics Board of the Health Research and Development Committee of the Botswana Ministry of Health and by the Committee on Human Subjects Research of the University of Pennsylvania. Each study participant provided written informed consent in English or Setswana.
Statistical Analyses
To assess baseline differences between cases and controls, the Student t test was used for normally distributed or transformable variables, the Wilcoxon rank-sum test for skewed variables, and x 2 test for categorical variables. To test for potential confounders, the baseline characteristics were compared between patients with the CYP2B6 516 GG, GT, or TT genotype. One-way ANOVA was used to test for differences in normally distributed continuous variables between the genotypes, Kruskal-Wallis for skewed continuous variables, and x 2 test for categorical variables. In a logistic regression model, case-control status was the dependent variable. Genetic associations are shown for models assuming additive (eg, allele dosage) and dominant effects (eg, allele presence). Covariates that were differentially distributed between cases and control and the 516G.T genotypes at a P value threshold of ,0.1 were included as covariates in the model together with the 516G.T genotype and 95% confidence intervals were calculated. We targeted a sample size of 1660 individuals to detect an OR of 2.0.
RESULTS
We enrolled 1338 patients, of whom 276 were cases and 1062 controls ( Table 1 ). A total of 1167 patients provided a blood sample, of which 67 (5.7%) samples failed genotyping. Compared with controls, cases were more likely to be men, more likely to engage in hazardous drinking, have a lower body mass index, were on ART for a shorter period, and more frequently reported depressive symptoms (Table 1) . Of these patient characteristics, only age and baseline CD4 count were differentially distributed for different 516G.T genotypes (Table S1 http://links.lww.com/QAI/B27, P = 0.049 and P = 0.074, respectively). There were no differences in baseline characteristics between patients who had genotyping data available versus those who did not (Table S2 http:// links.lww.com/QAI/B27). After controlling for age and baseline CD4 count, the CYP2B6 516 T-allele showed a significant protective association with late virologic failure ( Table 2 ).
DISCUSSION
It is well known that CYP2B6 516G.T genotype is a major source of variability in EFV pharmacokinetics and our study suggests that the CYP2B6 516 T-allele is protective against late virologic failure in patients treated with regimens including EFV. Heterozygotes appear equally protected as homozygous variants despite of the additive effect the 516G.T variant has on EFV metabolism. 8 This effect may be due to sufficiently higher concentrations in intermediate metabolizers to protect against decreases in exposure due to partial nonadherence. While one might expect the slowest metabolizers to be protected against the highest levels of nonadherence, the high correlation between nonadherence and retention in care suggests that these individuals may have dropped out of care and not been eligible for this study. 13 Previously Ribaudo et al 14 showed that slow-metabolizer genotypes were associated with decreased virologic failure among African American patients in a study with over 3.5 years of follow-up data. This protective effect was not observed among whites and white Hispanics. Haas et al 15 did not find an association between the CYP2B6 516 T-allele and long-term response in 504 participants in the Adult AIDS Clinical Trials Group Study. Similarly, Lehmann et al 10 did not identify a genome-wide association between over 8 million genotyped and imputed SNPs and virologic response in over 500 African American patients treated on similar EFV-based protocols. Dickinson et al 9 recently showed a slight difference in rates of virologic failure after 96 weeks of ART between CYP2B6 516G.T genotypes; however, the failure rates were only between 2.1% and 3.7% and were not statistically significant. Our current case-control study allowed us to effectively enroll a sufficient number of patients with late virologic failure and demonstrate a long-speculated statistically significant association with CYP2B6 516G.T genotype.
Limitations of our study included the absence of pharmacy records on drug refills to potentially address a mediating effect of differential adherence by genotype. Therefore, we are unable to definitively determine whether the reason for the protective effect of the slow metabolism was due to making EFV more forgiving of missed doses in that subset. [16] [17] [18] We did not assess CNS-related symptoms although we did assess for depression. 12, 19 We emphasize that the cases in the current study are representative of late failure, and so the findings cannot be generalized to early events. In this regard, we previously observed a risk-increasing effect of the CYP2B6 516 T-allele on composite treatment endpoint after 6 months, indicating that late and early virologic failure might have substantially different underlying mechanisms. 11 Furthermore, plasma HIV RNA measurements not captured in medical health records may have led to study participants being misclassified as controls. This phenomenon is likely to bias our effect estimate toward the null. Finally, we observed an unexpected genotypic difference in age and baseline CD4 count. We included these confounders as covariates in our multivariate analyses. A major strength of the current study is the large sample size in an African country experiencing a high HIV burden and in which slow EFV metabolism alleles are common. To limit confounding of nonvirologic factors study eligibility was restricted to individuals exposed to EFV-based ART for at least 6 months while maintaining HIV RNA below 400 copies/ mL. We doubt that selection bias explains these results. The variant T-allele conferring slow EFV clearance has in some studies been associated with CNS adverse effects and discontinuation in other settings. Therefore, if slow metabolism caused early treatment discontinuation and was selected against in this study of longer-term therapy, then the variant T-allele conferring slower clearance would have been less frequent in our population. However, the CYP2B6 516 T-allele frequency was comparable to that observed in individuals of African ancestry in the 1000 Genomes Project 20 and actually slightly higher than that of our previous cohort study of individuals initiating therapy. 11 Finally, the chosen case-control approach enriched for virologic failure has provides us with sufficient statistical power to detect a genotype-phenotype association.
CONCLUSIONS
We found that slow EFV metabolizers of African descent were less likely to experience virologic failure. Additional prospective investigations are required to evaluate whether consideration should be given to maintaining slow metabolizers on EFV given the observed protective effect in this setting.
